Introduction
The means by which water vapor is transported into the tropical lower stratosphere has been a very lively subject of debate since Danielsen [1982] and Newell and GouldStewart [1981 presented different views of the relative roles of deep convection and of larger-scale lifting and radiative heating in tropical stratosphere-troposphere exchange (STE). These papers were motivated in part by the observations of the annual cycle of tropical tropopause temperature and its relationship to the spatial and seasonal distribution of deep convection in the tropics [Reed and Vleck, 1969; Reid and Gage, 1981; Yulaeva et al., 1994; Reid and Gage, 1996] . However, it was Mote et al. [1996] who first conclusively showed that the annual cycle of the temperature at the tropical tropopause imprints a coherent signal on the water vapor content in the tropical stratosphere. This observation and subsequent refinements using much longer satellite records impose powerful constraints on estimates not only of the tropical upwelling rate and the mixing into the tropics from the middle latitudes [Mote et al., 1998; Schoeberl et al., 2008] , but also on estimates of the effective mixing ratio of water as it passes irreversibly through the tropical tropopause and enters the tropical stratospheric 'pipe' [Plumb and Ko, 1992] .
Despite these advances in our understanding of the large-scale circulation in the tropical stratosphere, the remoteness and coldness of the tropical tropopause environment make difficult direct observation of the physical processes that lead to dehydration and STE. Nevertheless, as shown by Wang et al. [1996] , thin cirrus is present at or near the tropopause over large regions of the tropics year round, and work by Gettelman et al. [2002] and Liu and Zipser [2005] [2006] have investigated upwelling in large convective anvil systems, and the dehydration of layers hydrated upstream by deep convection and lifted by large-scale ascent or tropical waves has been studied by Jensen et al. [1996] , Hartmann et al. [2001] , Holton and Gettelman [2001] , and Pfister et al. [2001] .
Vömel et al. [2002] analyzed balloonsonde measurements of water vapor and ozone at diverse locations in the tropics, including the western Pacific warm pool, the eastern equatorial Pacific, and South America. They found supersaturation in the upper troposphere under a wide range of conditions and concluded that tropopause dehydration was occurring not only due to rapid ascent in deep convective systems, but also through slow ascent and lifting by the passage of Kelvin waves [Fujiwara et al., 2001] .
In this paper we report on two extended campaigns of balloon-borne measurements of water vapor and ozone launched from the radiosonde site of the National Meteorological
Institute of Costa Rica (IMN) at Alajuela [10. 0°N, 84.2°W] . These accompanied the NASA Tropical Convective System and Processes (TCSP) airborne mission in July 2005 [Halverson et al., 2007] and the NASA Tropical Composition, Cloud and Climate
Coupling (TC4) experiment in July and August 2007 [Toon et al., this issue] . During these two campaigns a total of 38 soundings were made with a payload that included the University of Colorado cryogenic frostpoint hygrometer (CFH) [Vömel et al., 2007a] and an ECC ozonesonde [Komhyr et al., 1995] . The CFH is recognized as a reference [Vömel, et al., 2007b] .
The TCSP and TC4 campaign CFH/ECC datasets provide an unprecedented opportunity to examine the short timescale variability of the structure of water vapor and ozone in the tropical upper troposphere and lower stratosphere (UT/LS) during periods of widespread regional convection. We place our analysis in the context of the evolution of the dynamical structure of the UT/LS using four-times-daily radiosondes launched from the IMN site in campaigns concurrent with the water vapor and ozone balloonsondes.
These radiosonde data allow us to examine the dominant role of convectively-driven equatorial waves in the variation of the local tropical tropopause temperature and the control of the effective water vapor mixing ratio of air entering the stratosphere in the region. [1998] introduced the term Tropical Tropopause Layer (TTL) to highlight the depth of the transition from the troposphere to the stratosphere in the tropics and the range of physical processes that determine its vertical structure. Inasmuch as the TTL is inherently a statistical entity defined in terms of temporal and spatial averages, in this study we do not try to refine the definition of the TTL per se; our data are limited to one location and to one particular time of the year. For this reason we will we refrain from interpretation of particular features in our analysis in terms of the "TTL", and will use the more general term UT/LS to refer to the layer encompassing the tropical cold point tropopause (CPT). Nevertheless, the temperature, water vapor and ozone profile data examined here speak strongly to the nature of the variability within the TTL, independent of its definition.
Highwood and Hoskins
In Section 2 of this paper we describe the balloonsonde and radiosonde data presented in the paper. Section 3 examines the mean structure and variability of temperature, ozone and water vapor from the CFH/ECC sondes in the two campaigns, while Section 4 focuses on the detailed structure of six representative balloon soundings in the TCSP campaign. In Section 5 we examine wave-induced variability in the UT/LS and its relationship to tropopause temperature using the radiosonde temperature and wind data.
Section 6 summarizes the results and presents conclusions.
Data
The Ticosonde/Aura-TCSP (TCSP) balloonsonde project ran from June through 
a. Water vapor-ozone balloonsondes
Profiles of water vapor and ozone to the middle stratosphere were measured with a balloon payload combining the CFH with the ECC ozonesonde; a Garmin GPS provided winds. The CFH is a lightweight (400-g) microprocessor-controlled instrument and operates on the chilled-mirror principle using a cryogenic liquid as cooling agent. It includes several improvements over the similar NOAA/CMDL instrument [Vömel et al., 2002] allowing it to measure water vapor continuously from the surface to about 28 km altitude. The accuracy in the troposphere is better than 5%, and the stratospheric accuracy is better than 10%. The CFH is capable of measuring water vapor inside clouds, but may occasionally suffer from an artifact in which the optical detector collects water or ice.
This condition leads to a malfunction of the instrument controller that is easily identified, and thus can be screened out of the processed data.
The ECC ozonesonde measures ozone by reaction with I 2 in a weak aqueous solution, the electrical current generated being directly proportional to the amount of ozone pumped through the cell. The accuracy of the ozone mixing ratio is typically ~5% and slightly lower at low ozone mixing ratios.
During flight the CFH, ECC and GPS data streams were transmitted to the groundreceiving equipment through an interface with a Vaisala RS80 radiosonde; the latter's PTU data stream was also captured. A Vaisala RS92-SGP was also added to the payload for the purposes of inter-comparison of the RS92 twin-humicap relative humidity (RH) measurement with that from the CFH. As reported previously by Vömel et al. [2007c] this revealed a dry bias of the RS92-SGP relative humidity due to solar radiation approaching 50% at 15 km.
The full CFH/ECC payloads weighed approximately a kilogram and were flown from a 1200-g latex balloon filled with helium. Each balloon was equipped with a parachute so that data could be taken on descent as well as allow for the potential recovery of the instruments. Payload preparation and sonde launches were conducted by a team of The mean CPT water vapor mixing ratio for the two campaigns was close to 5.8 ppmv and the ozone mixing ratio was ~150 ppbv. We note that the latter is some 50 ppbv higher than the mean ozone at 100 hPa in the analysis by Fueglistaler et al. [2009] of the SHADOZ data [Thompson et al., 2003] . 100 hPa lies close to 375 K in their Figure 2a , so we infer that the CPT in our data is embedded in a layer that on average contains a significant admixture of stratospheric air. How much this statistical characteristic represents irreversible mixing of stratospheric and tropospheric air is not clear, however, the individual profiles that we will discuss in Section 4 may offer some clues. ; similar behavior is observed in TC4. However, the most striking feature of the temperatures in both campaigns is the sharp increase of temperature variability above the 355 K level, shown in both in Figure 1 in terms of temperature range (light gray profiles at right) and as variance in Figure 2a . This is especially pronounced in TC4 due to the strong inversions observed in the first week of August. Thus while in the middle and upper troposphere below 15 km the full range of temperatures in the TCSP sample is nowhere greater than 4.2°C, it increases to over 12°C by 16.5 km, close to the mean cold point. Above this level and up to the limit of our data above 31 km, the variability remains significantly higher than its values in the free
troposphere. This will be discussed in more detail in Section 4. 
c. Water vapor
Figure 3 displays the CFH water vapor volume mixing ratio data for each flight series and their mean profiles along with profiles of saturation water vapor mixing ratio and relative humidity over ice. The saturation mixing ratio is derived from the Vaisala RS80 pressure and temperature data using the Goff-Gratch formula for the saturation vapor pressure over ice [Goff and Gratch, 1946] . For display purposes we have smoothed these profiles with an 11-pt boxcar filter. We also plot the envelope of ±1 standard deviation of the water vapor, similarly smoothed. Finally, we plot the mean cold point in pressure and water vapor space. At right in each panel we have plotted the smoothed mean profile of relative humidity over ice within its envelope of ± 1 standard deviation. In the latter, the mean RHi and the incidence of supersaturation decline rapidly. Kley et al. [1982] first showed that the minimum water vapor volume mixing ratio in this region and season is not located at the tropopause but well into the stratosphere. ppmv respectively) were similar.
As can be seen in Figure Above the cold point, the envelope of RHi values in Figure 4 shows how quickly the atmosphere dries out even within the altitude range of the observed cold points. In TCSP, except for the cluster of points between 81 and 73 hPa all observed on flight SJ009, 50% RHi is not observed above 85 hPa, 17.5 hPa and 400 K and 75% not above 17 km. In TC4 75% RHi is only observed above 17.2 km, and on one flight.
The results in Figure 4 demonstrate that if "writing" to the atmospheric water vapor tape recorder requires that air parcels both dehydrate and be stratospheric in ozone content, then the so-called 'tape head' occurs in a layer below the highest level of observed saturation. In TCSP this level was 16.8 km and 384 K and in TC4, 17.1 km and 388 K. Using the above criterion and our ozone and relative humidity data, tape writing could have been occurring as low as 353.7 K and 15.0 km in TCSP and 349 K and 13.6 km in TC4. In terms of the mean relative humidity profiles in each campaign, and the SHADOZ threshold of 100 ppbv for stratospheric air mentioned earlier, a lower boundary could defined at 15.6 km and 361.4 K in TCSP and 15.4 km and 360.9 K in TC4. Using this latter definition, we would locate a 'regional' tape head in a layer above 360 K and below 390 K, not significantly different from the range suggested by Schoeberl et al.
[ 2006] and Read et al. [2004] using MLS data for the whole tropics. Given the frequency of supersaturation at the mean CPT and its rapid fall above, however, it is more likely that in this region, an excellent estimate effective mixing ratio of air entering the stratosphere is afforded by the mean water vapor at the CPT; at ~5.8 ppmv it is a good 2 ppmv lower than the values close to 8 ppmv at the lower boundary of the tape head shows six profiles from the TCSP campaign that represent a range of behavior in water vapor mixing ratio, ozone mixing ratio, saturation mixing ratio and RHi. As in Figure 3 , we have color-coded the water vapor points according to RHi, and the campaign mean profiles of both water vapor mixing ratio and ozone mixing ratio are plotted to highlight regions of positive and negative anomalies. In our discussion, we will refer to dehydration or hydration of the tropopause when a saturated layer at or above the mean CPT has a minimum value less or greater than the campaign mean.
The profiles for July 11 (a) and July 19 (d) stand out as examples of strong dehydration at or very close to the CPT, reaching 2.34 ppmv at 16.6 km on July 11 and 2.68 ppmv at 16.2 km on July 19. Both of these cold and dry tropopauses are anomalously low in ozone for those levels, yet under the working definition of tropospheric air we adopted for Figure 4 , the ozone mixing ratios in the layers are marginally stratospheric. The anomalously low ozone extends down to 15.3 km in the first case and to nearly12 km in the second; both are supersaturated. The atmosphere immediately above the tropopause in each case shows not only a strong inversion in saturation mixing ratio (and equivalently temperature) but also an extremely steep gradient in ozone mixing ratio, as much as 500 ppbv/km on July 19. This gradient is conistent with upward motion and adiabatic cooling below and descent of stratospheric air above. Returning to the inter-relationships between the components, the in-phase relationship between temperature and meridional wind in Figure 7 is supported by the results of cross-
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spectral analysis (not shown) which show peaks near 16 km in the T-v co-spectrum at periods of 5 and ~10 days. Likewise the quadrature relationship between temperature and zonal wind is reflected by peaks in the T-u quadrature spectrum at 5 days and 17 km and upward to ~20 km and also between 8 and 16 days above 15 km, again peaking at the 16 km level. This pattern of coherence between these components is characteristic of mixed Rossby-gravity waves [Dunkerton and Baldwin, 1995] The individual profiles show that there was dehydration of stratospheric air as low as 349 K and as high as 388 K (Figure 4 ), although these should be considered the lowerand uppermost levels where 'writing' to the atmospheric tape recorder occurred, and we have argued that in this region and season the effective mixing ratio is being set very close to the mean cold point tropopause at 375 K. However, we would also argue that the location of the water vapor tape head close to the mean CPT is not necessarily an indication that dehydration is occurring in layers detrained close to that level. On the contrary, the cooling and lifting produced by the equatorial waves above 15 km is superposed upon an upper troposphere which is in the mean ascending and dehydrating, and the greatest potential for dehydration will thus occur where large temperature [Magaña, et al., 1999 ] and the Caribbean low-level jet [Amador, 1998; Amador et al., 2006; Amador, 2008; Muñoz, et al., 2008] 
